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We present a protocol to achieve double quantum magnetometry at large static magnetic fields. This is a
regime where sensitive sample parameters, such as the chemical shift, get enhanced facilitating their charac-
terization. In particular, our method delivers two-tone stroboscopic radiation patterns with modulated Rabi
frequencies to achieve larger spectral signals. Furthermore, it does not introduce inhomogeneous broadening
in the sample spectrum preventing signal misinterpretation. Moreover, our protocol is designed to work under
realistic conditions such as the presence of moderate microwave power and errors on the radiation fields. Albeit
we particularise to nitrogen vacancy centers, our protocol is general, thus applicable to distinct quantum sensors.
Introduction– The detection of magnetic signals emitted by
spin ensembles is central in nanoscale nuclear magnetic res-
onance (nanoscale NMR) [1]. Here, the hyperfine quantum
state of a sensor such as the nitrogen vacancy (NV) center in
diamond [2, 3] gets modified owing to the interaction with
a nuclear or electronic target, leading to quantum sensing or
quantum detection [4, 6]. To this end, the NV center quantum
state is initialised and measured with a laser field, while it can
be readily controlled with microwave (MW) radiation [2, 3].
In addition, the NV center presents quantum coherence, as
well as a long decay time of the order of milliseconds, even
at room temperature [5]. These are capacities that make NV
centers in diamond ideal candidates for experiments at physi-
ological conditions [6]. The coupling of the NV center with a
target signal is typically conducted trough dynamical decou-
pling (DD) techniques [7] that, in addition, are able to remove
noisy contributions over the sensor. Typically, continuous and
pulsed (or stroboscopic) DD techniques are considered. The
former relies on the Hartmann-Hahn resonance condition [8],
while certain stroboscopic DD radiation patterns, as those of
the XY family [9–15], show a superior level of robustness
against errors on the control fields. First experiments with
NV centers were able to detect a classical electromagnetic
field [16], while individual 13C nuclear spin emitters embed-
ded in the diamond lattice have been identified with unprece-
dented resolution [17–24]. In addition, nanoscale NMR of
small volume samples of the order of picolitres, as well as of
single molecules located external to the diamond lattice, have
been achieved with single NV centers [25–30] and with NV
ensembles [31, 32].
Several developments have been carried out to overcome
the poor spectral resolution achievable with NV quantum sen-
sors at room temperature. Among them, we have the combi-
nation of NV-based quantum detection with the presence of
a quantum memory [33], or by synchronising NV measure-
ments with a classical clock [32, 34, 35]. These hybrid tech-
niques have allowed the detection of coherent target signals
with a frequency resolution of the order of few hertz with NV
centers. Here, it is important to remark that, for all these appli-
cations the achievement of an NV-target coupling remains as
the key ingredient, and the use of double quantum magnetom-
etry (DQM) schemes [36–38] permits enhanced signal acqui-
sition. Furthermore, DQM techniques do not introduce a mag-
netic field gradient on the studied sample, which avoids inho-
mogeneous broadening in the measured spectrum [32]. Es-
pecially interesting for nanoscale NMR is the regime of large
static magnetic fields [30, 39–41]. Under these conditions, a
large chemical shift is present [30], while the relaxation times
of sensor and nuclei get enhanced [42]. Consequently, having
DQM schemes ready to be displayed at large static magnetic
fields is of clear relevance for nanoscale NMR.
In this Letter we provide DQM schemes able to conduct
sensor-target coupling at large static magnetic fields. In addi-
tion, control errors over the sensor get removed owing to the
intrinsic DD behaviour carried by our method. Via the use
of two-tone stroboscopic MW radiation with modulated field
amplitudes, we demonstrate the achievement of enhanced
sensor-signal interaction with moderate power in the MW
drivings. More importantly, our method removes inhomoge-
neous broadenings over the sample avoiding misinterpretation
in the obtained spectrum. Hence, this is an optimal scheme
for detecting natural deviations in the resonance frequencies
of the target sample, such as those originated from chemical
shifts. Our protocol is general, i.e., it can be displayed over
different quantum sensors such as NV centers and silicon va-
cancy centers, while it can be adapted to any stroboscopic DD
sequence used in nanoscale NMR.
The method– The Hamiltonian of an NV center in diamond
under a MW driving
√
2Bxd cos (ωMWt + ϕ) reads
H = DS 2z + |γe|BzS z +
√
2γeBxd cos (ωMWt + ϕ)S x. (1)
Here D = (2pi) × 2.87 GHz is the zero field splitting, |γe| =
(2pi) × 28.024 GHz/T, Bz is the static magnetic field aligned
with the NV axis, while ωMW and ϕ are the MW frequency
and phase respectively. The spin-1 operators in Eq. (1) are
S z = |1〉〈1| − | − 1〉〈−1|, and S x = 1√2
(|1〉〈0| + |0〉〈1| + | −
1〉〈0| + |0〉〈−1|). The driving term √2γeBxd cos (ωMWt + ϕ)S x
in Eq. (1) leads to rotations in the NV hyperfine spin states,
while an inspection to the S x operator indicates that the MW
driving does not generate transitions between the |1〉 and |−1〉.
For DQM we aim to induce rotations between the |1〉 and
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2| − 1〉 states by, e.g., a three-pulse-sequence involving the |0〉
state. In particular, in a rotating frame with respect to (w.r.t.)
DS 2z + |γe|BzS z, Hamiltonian (1) is
H =
Ω(t)
2
(e−iϕ| ± 1〉〈0| + eiϕ|0〉〈±1|), (2)
where the presence of | ± 1〉 is selected by tuning ωMW = D ±
|γe|Bz respectively. We denote the propagator (in the following
we call it pulse) associated to Hamiltonian (2) as
U±1[2φf ,ϕ](t) = exp
[
− iφ(t)(e−iϕ| ± 1〉〈0| + eiϕ|0〉〈±1|)
]
, (3)
where φ(t) =
∫ t
t0
Ω(s)
2 ds with t > t0, and φf is the final achieved
phase after the application of the MW driving. Then, the
three-pulse-sequence U˜[+1,−1,+1][pi,0] = U
+1
[pi,0]U
−1
[pi,0]U
+1
[pi,0] is equiv-
alent to an effective pi pulse on the S z operator. This is(
U˜[+1,−1,+1][pi,0]
)†
S z U˜
[+1,−1,+1]
[pi,0] = −S z. (4)
Note that the previous result persists if one uses the U˜[−1,+1,−1][pi,pi/2]
three-pulse-sequence. See Suplemental Material [43] for an
explanation of the three-pulse-sequence effect on the S=1 spin
manifold [1] of the NV.
When a nuclear spin cluster is introduced in the formalism,
Eq. (1) is completed to
H = DS 2z + |γe|BzS z +
√
2γeBxd cos (ωMWt + ϕ)S x
−
∑
j
γnBzIzj + S z
∑
j
~A j · ~I j. (5)
Here, γn is the nuclear gyromagnetic ratio, and ~A j is the hyper-
fine vector that mediates the interaction between an NV and
the jth nucleus [45]. In a rotating frame w.r.t. DS 2z + |γe|BzS z,
Hamiltonian (5) reads
H = −
∑
j
γnBzIzj + S z
∑
j
~A j · ~I j
+
Ω(t)
2
(e−iϕ| ± 1〉〈0| + eiϕ|0〉〈±1|). (6)
We want to remark that we will use this Hamiltonian as the
starting point for the following numerical simulations without
doing any further assumption.
Typically, an NV spin qubit is selected between the |0〉 and
one of the | ± 1〉 hyperfine states. This is achieved via the
transformation (e.g. we take |0〉 and | + 1〉 as the NV qubit
states)
S z
∑
j
~A j · ~I j =
(
|1〉〈1| − | − 1〉〈−1|
)∑
j
~A j · ~I j
=
|1〉〈1| − |0〉〈0|
2
+
|1〉〈1| + |0〉〈0|
2
∑
j
~A j · ~I j
−| − 1〉〈−1|
∑
j
~A j · ~I j. (7)
Then, if the MW driving in Eq. (2) does not induce transi-
tions to the | − 1〉 state, the last line in Eq. (7) can be safely
removed. Consequently, one can establish the equivalence
S z
∑
j
~A j · ~I j ≡ σz2
∑
j
~A j · ~I j + I2
∑
j
~A j · ~I j, (8)
with σz = |1〉〈1| − |0〉〈0|, and I = |1〉〈1| + |0〉〈0|. On the one
hand, this approach known as single quantum magnetometry
(SQM) presents the advantage of having easily implementable
pi pulses owing to the presence of a direct transition between
the NV qubit states |0〉 and |1〉. On the other hand, the NV-
nuclei coupling is reduced by a factor of 2, see first term at
the right hand side of Eq. (8). From a different perspective,
in SQM protocols the NV induced magnetic field gradient
( I2
∑
j
~A j · ~I j) is useful to individually control 13C spins in the
diamond lattice [24] for, e.g., the implementation of quantum
algorithms [46]. However, as we will demonstrate later, the
term ( I2
∑
j
~A j · ~I j) introduces an inhomogeneous broadening
leading to misinterpretation in the obtained NMR spectrum.
This seriously affects to the determination of important struc-
tural parameters such as the chemical shift.
We deal with the main disadvantage of DQM schemes (i.e.
the absence of a direct transition between |1〉 and | − 1〉) with
the three-pulse-sequences U˜[+1,−1,+1][pi,0] and U˜
[−1,+1,−1]
[pi,pi/2] . Never-
theless, we find that the performance of DQM schemes at
the optimal situation of large Bz gets challenging. In par-
ticular, when a set of pi pulses is applied on the S z operator,
Hamiltonian (6) (in a rotating frame w.r.t. the nuclear spin en-
ergy −∑ j γnBzIzj and to the MW driving Ω(t)2 (e−iϕ| ± 1〉〈0| +
eiϕ|0〉〈±1|)) reads
H = F(t) S z
∑
j
[
Axj I
x
j cos (ωLt) + A
y
jI
y
j sin (ωLt) + A
z
jI
z
j
]
. (9)
Here, the Larmor frequency ωL = γnBz, and the NV-nuclei
coupling constants are Ax,yj = |~Ax,yj | where ~Axj = ~A j − (~A j · zˆ) zˆ,
~Ayj = zˆ × ~A j, and I jx = ~I j · xˆ j, I jy = ~I j · yˆ j with xˆ j = ~Axj/Axj and
yˆ j = ~A
y
j/A
y
j. If we introduce a sequence of pi pulses ordered in
an even manner, F(t) can be written as a sum of even harmonic
functions as F(t) =
∑
k fk cos (kωDt). Here ωD = 2piT with T
being the elemental period of the sequence, see Fig. 1 (a), and
the Fourier coefficients fk = 2/T
∫ T
0 F(s) cos (kωDs) ds. Now,
under the resonance condition (for the lth harmonic)
lωD = ωL, (10)
one finds the resonant NV-nuclei coupling Hamiltonian
H =
fl
2
S z
∑
j
Axj I
x
j , (11)
which reveals that the interaction strength of the NV with
the nuclei depends on the value of fl. For sequences with
equally spaced instantaneous pi pulses, one can calculate that
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!D<latexit sha1_base64="3G2fCQc/Ncj7BFlOgBJodJmhEIw=">AAAB73i cbZC9TsMwFIVv+C3lr8DIYlEhMVVJQYKxEgywFYn+SE2oHPe2tWonwXaQqqjPARMCNt6FF+BtcEsGaDnT53uOpXtumAiujet+OUvLK6tr64WN4ubW9s5 uaW+/qeNUMWywWMSqHVKNgkfYMNwIbCcKqQwFtsLR5dRvPaLSPI7uzDjBQNJBxPucUWNH934scUC7ma8kuZp0S2W34s5EFsHLoQy56t3Sp9+LWSoxMkx QrTuem5ggo8pwJnBS9FONCWUjOsCOxYhK1EE223pCjvuxImaIZPb+nc2o1HosQ5uR1Az1vDcd/ud1UtO/CDIeJanBiNmI9fqpICYm0/KkxxUyI8YWKFPc bknYkCrKjD1R0db35ssuQrNa8U4r1duzcu0mP0QBDuEITsCDc6jBNdShAQwUPMMbvDsPzpPz4rz+RJec/M8B/JHz8Q0t1pAB</latexit>
0
<latexit sha1_base64="N2 aSAKqsms58ml/tes2tNEe6Gm0=">AAAB4nicbZDLSgNBEE VrfMb4irp00xgEV2EmCrqSgBuXCZgHJEPo6dQkTXoedNcII eQHdCXqzk/yB/wbO3EWmnhXp+vehroVpEoact0vZ219Y3N ru7BT3N3bPzgsHR23TJJpgU2RqER3Am5QyRibJElhJ9XIo0 BhOxjfzf32I2ojk/iBJin6ER/GMpSCkx013H6p7Fbchdgq eDmUIVe9X/rsDRKRRRiTUNyYruem5E+5JikUzoq9zGDKxZg PsWsx5hEaf7pYdMbOw0QzGiFbvH9npzwyZhIFNhNxGpllb z78z+tmFN74UxmnGWEsbMR6YaYYJWzelw2kRkFqYoELLe2W TIy45oLsVYq2vrdcdhVa1Yp3Wak2rsq12/wQBTiFM7gAD6 6hBvdQhyYIQHiGN3h3Bs6T8+K8/kTXnPzPCfyR8/ENb+OKS Q==</latexit>
r
<latexit sha1_bas e64="Y1blQFHtsfswDihmyzDTySvfaB8= ">AAAB4nicbZDLTgJBEEVrfCK+UJduOhI TV2QGTXRJdOMSEnkkMCE9TQ106Hmku8aE EH5AV0bd+Un+gH9jg7NQ8K5O172d1K0gV dKQ6345a+sbm1vbhZ3i7t7+wWHp6Lhlkk wLbIpEJboTcINKxtgkSQo7qUYeBQrbwfh u7rcfURuZxA80SdGP+DCWoRSc7Kih+6Wy W3EXYqvg5VCGXPV+6bM3SEQWYUxCcWO6n puSP+WapFA4K/YygykXYz7ErsWYR2j86W LRGTsPE81ohGzx/p2d8siYSRTYTMRpZJa 9+fA/r5tReONPZZxmhLGwEeuFmWKUsHlf NpAaBamJBS60tFsyMeKaC7JXKdr63nLZV WhVK95lpdq4Ktdu80MU4BTO4AI8uIYa3E MdmiAA4Rne4N0ZOE/Oi/P6E11z8j8n8Ef OxzfTk4qP</latexit>
0.04
<latexit sha 1_base64="bxiFFyLpcoDa6 k5fxfP/+xaOXNw=">AAAB5Xi cbVDLSgNBEOyNrxhfUY9eBo PgKezGQDxJwIvHCOYByRJmJ 73ZIbMPZmaFsOQT9CTqzR/y B/wbZ+MeNLEuXd1VDV3tJYIr bdtfVmljc2t7p7xb2ds/ODy qHp/0VJxKhl0Wi1gOPKpQ8A i7mmuBg0QiDT2BfW92m+v9R 5SKx9GDnifohnQacZ8zqvORX beb42rNlCXIOnEKUoMCnXH1 czSJWRpipJmgSg0dO9FuRqX mTOCiMkoVJpTN6BSHhkY0ROV my1sX5MKPJdEBkmX/25vRUK l56BlPSHWgVrV8+J82TLV/7 WY8SlKNETMWo/mpIDomeWQy 4RKZFnNDKJPcXElYQCVl2jym YuI7q2HXSa9Rd67qjftmrX1 TPKIMZ3AOl+BAC9pwBx3oAo MAnuEN3q2p9WS9WK8/1pJV7 JzCH1gf37mKivk=</latexit >
 0.04
<latexit sha 1_base64="q9hmmmXA91Rqv KMugJNeW8Gw724=">AAAB5ni cbVDLSgNBEOyNrxhfUY9eBo PgxbAbA3qSgBePEdwkkCxhd tKbHTL7YGZWCEt+QU+i3vwg f8C/cRL3oIl16equauhqPxVc adv+skpr6xubW+Xtys7u3v5 B9fCoo5JMMnRZIhLZ86lCwW N0NdcCe6lEGvkCu/7kdq53H 1EqnsQPepqiF9FxzAPOqDYj9 8Ku281htWbKAmSVOAWpQYH2 sPo5GCUsizDWTFCl+o6dai+ nUnMmcFYZZApTyiZ0jH1DYxq h8vLFsTNyFiSS6BDJov/tzW mk1DTyjSeiOlTL2nz4n9bPd HDt5TxOM40xMxajBZkgOiHz zGTEJTItpoZQJrm5krCQSsq0 +UzFxHeWw66STqPuXNYb981 a66Z4RBlO4BTOwYEraMEdtM EFBhye4Q3erdB6sl6s1x9ry Sp2juEPrI9vIleLMA==</lat exit>
4
<latexit sha1_base64="Pt 8b39dtaE+iAA4xjIthnxIaELw=">AAAB4nicbZDLSgMxFI ZP6q3WW9Wlm2ARXJWZWtCVFNy4bMFeoB1KJj3ThmYuJBmhD H0BXYm685F8Ad/GtM5CW//Vl/P/gfMfP5FCG8f5IoWNza3 tneJuaW//4PCofHzS0XGqOLZ5LGPV85lGKSJsG2Ek9hKFLP Qldv3p3cLvPqLSIo4ezCxBL2TjSASCM2NHrfqwXHGqzlJ0 HdwcKpCrOSx/DkYxT0OMDJdM677rJMbLmDKCS5yXBqnGhPE pG2PfYsRC1F62XHROL4JYUTNBunz/zmYs1HoW+jYTMjPRq 95i+J/XT01w42UiSlKDEbcR6wWppCami750JBRyI2cWGFfC bkn5hCnGjb1KydZ3V8uuQ6dWda+qtVa90rjND1GEMziHS3 DhGhpwD01oAweEZ3iDdzIiT+SFvP5ECyT/cwp/RD6+AXXbi k0=</latexit>
8
<latexit sha1_base64="z0 XwhKt9PWWP0oz1HA0+EoPtalc=">AAAB4nicbZDLSgMxFI ZP6q3WW9Wlm2ARXJWZKtiVFNy4bMFeoB1KJj3ThmYuJBmhD H0BXYm685F8Ad/GtM5CW//Vl/P/gfMfP5FCG8f5IoWNza3 tneJuaW//4PCofHzS0XGqOLZ5LGPV85lGKSJsG2Ek9hKFLP Qldv3p3cLvPqLSIo4ezCxBL2TjSASCM2NHrfqwXHGqzlJ0 HdwcKpCrOSx/DkYxT0OMDJdM677rJMbLmDKCS5yXBqnGhPE pG2PfYsRC1F62XHROL4JYUTNBunz/zmYs1HoW+jYTMjPRq 95i+J/XT01Q9zIRJanBiNuI9YJUUhPTRV86Egq5kTMLjCth t6R8whTjxl6lZOu7q2XXoVOrulfVWuu60rjND1GEMziHS3 DhBhpwD01oAweEZ3iDdzIiT+SFvP5ECyT/cwp/RD6+AXvTi lE=</latexit>
12
<latexit sha1_base64="KZ nLvbGN4dCLXfRQItF3CLZHdpk=">AAAB43icbZDLSgNBEE VrfMb4irp00xgEV2EmCrqSgBuXUcwDkiH0dGqSJj0PumuEE PIFuhJ15x/5A/6NnTgLTbyr03VvQ90KUiUNue6Xs7K6tr6 xWdgqbu/s7u2XDg6bJsm0wIZIVKLbATeoZIwNkqSwnWrkUa CwFYxuZn7rEbWRSfxA4xT9iA9iGUrByY7uvWqvVHYr7lxs GbwcypCr3it9dvuJyCKMSShuTMdzU/InXJMUCqfFbmYw5WL EB9ixGPMIjT+Zbzplp2GiGQ2Rzd+/sxMeGTOOApuJOA3No jcb/ud1Mgqv/ImM04wwFjZivTBTjBI2K8z6UqMgNbbAhZZ2 SyaGXHNB9ixFW99bLLsMzWrFO69U7y7Ktev8EAU4hhM4Aw 8uoQa3UIcGCAjhGd7g3UHnyXlxXn+iK07+5wj+yPn4BuEMi oY=</latexit>
16
<latexit sha1_base64="v+0prmZPGDmitH2Xs7O9vJLUs ig=">AAAB43icbZDNSgMxFIXv1L9a/6ou3QSL4KrMVFFXUnDjsor9gXYomfROG5rJDElGKEOfQFei7nwjX8C3Ma2z0Naz +nLPCdxzg0RwbVz3yymsrK6tbxQ3S1vbO7t75f2Dlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GNzO//YhK81g+mEmCf kSHkoecUWNH995Fv1xxq+5cZBm8HCqQq9Evf/YGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa1HSCLWfzTedkpMwVs SMkMzfv7MZjbSeRIHNRNSM9KI3G/7ndVMTXvkZl0lqUDIbsV6YCmJiMitMBlwhM2JigTLF7ZaEjaiizNizlGx9b7HsMrR qVe+sWrs7r9Sv80MU4QiO4RQ8uIQ63EIDmsAghGd4g3cHnSfnxXn9iRac/M8h/JHz8Q3nBIqK</latexit>
20
<latexit sha1_base64="WWpRq+/AtrKwKy6IAkx1fS40W 7c=">AAAB43icbZDLSgNBEEVrfMb4irp00xgEV2EmCrqSgBuXUcwDkiH0dGqSJj0PumuEEPIFuhJ15x/5A/6NnTgLTbyr 03VvQ90KUiUNue6Xs7K6tr6xWdgqbu/s7u2XDg6bJsm0wIZIVKLbATeoZIwNkqSwnWrkUaCwFYxuZn7rEbWRSfxA4xT9i A9iGUrByY7uq26vVHYr7lxsGbwcypCr3it9dvuJyCKMSShuTMdzU/InXJMUCqfFbmYw5WLEB9ixGPMIjT+Zbzplp2GiGQ 2Rzd+/sxMeGTOOApuJOA3Nojcb/ud1Mgqv/ImM04wwFjZivTBTjBI2K8z6UqMgNbbAhZZ2SyaGXHNB9ixFW99bLLsMzWr FO69U7y7Ktev8EAU4hhM4Aw8uoQa3UIcGCAjhGd7g3UHnyXlxXn+iK07+5wj+yPn4Bt+PioU=</latexit>
f43
<latexit sha1_base64="Jtxj/Gwq+fNl 13h4lGdRrB9EJ9A=">AAAB53icbZDNSgMxFIXv+FvrX9Wlm2ARXJWZtqArKbhxWcH+QD uUTHqnjc1MhiQjlKHPoCtRd76PL+DbmNZZaOtZfbnnBO65QSK4Nq775aytb2xubRd2i rt7+weHpaPjtpapYthiUkjVDahGwWNsGW4EdhOFNAoEdoLJzdzvPKLSXMb3ZpqgH9FRz EPOqLGjdjjI6rXZoFR2K+5CZBW8HMqQqzkoffaHkqURxoYJqnXPcxPjZ1QZzgTOiv1U Y0LZhI6wZzGmEWo/W2w7I+ehVMSMkSzev7MZjbSeRoHNRNSM9bI3H/7n9VITXvkZj5P UYMxsxHphKoiRZF6aDLlCZsTUAmWK2y0JG1NFmbGnKdr63nLZVWhXK16tUr2rlxvX+SE KcApncAEeXEIDbqEJLWDwAM/wBu8Od56cF+f1J7rm5H9O4I+cj28YJ4xv</latexit>
f37
<latexit sha1_bas e64="HJij7Qj4nHRbsYQzhS+QMV1+M/4= ">AAAB53icbZDNSgMxFIXv+FvrX9Wlm2A RXJWZVqgrKbhxWcH+QDuUTHqnjc1MhiQj lKHPoCtRd76PL+DbmNZZaOtZfbnnBO65Q SK4Nq775aytb2xubRd2irt7+weHpaPjtpa pYthiUkjVDahGwWNsGW4EdhOFNAoEdoLJ zdzvPKLSXMb3ZpqgH9FRzEPOqLGjdjjIa vXZoFR2K+5CZBW8HMqQqzkoffaHkqURxo YJqnXPcxPjZ1QZzgTOiv1UY0LZhI6wZzG mEWo/W2w7I+ehVMSMkSzev7MZjbSeRoHN RNSM9bI3H/7n9VITXvkZj5PUYMxsxHphK oiRZF6aDLlCZsTUAmWK2y0JG1NFmbGnKd r63nLZVWhXK16tUr27LDeu80MU4BTO4AI 8qEMDbqEJLWDwAM/wBu8Od56cF+f1J7rm 5H9O4I+cj28co4xy</latexit>
 0.0296
<latexit sha1_base64="vV VHZo6SK+jtasT7/QAAp672KC0=">AAAB6HicbZDLSsNAFI ZP6q3WW9Slm8EiuLEkVbxspODGZQV7gTaUyfSkHTu5MDMRS ug76ErUnc/jC/g2TmsW2vqvvjn/P3D+4yeCK+04X1ZhaXl lda24XtrY3NresXf3mipOJcMGi0Us2z5VKHiEDc21wHYikY a+wJY/upn6rUeUisfRvR4n6IV0EPGAM6rNqHXiVJzq1XnP LhuYiSyCm0MZctV79me3H7M0xEgzQZXquE6ivYxKzZnASam bKkwoG9EBdgxGNETlZbN1J+QoiCXRQySz9+9sRkOlxqFvM iHVQzXvTYf/eZ1UB5dexqMk1RgxEzFekAqiYzJtTfpcItNi bIAyyc2WhA2ppEyb25RMfXe+7CI0qxX3tFK9OyvXrvNDFO EADuEYXLiAGtxCHRrAYATP8Abv1oP1ZL1Yrz/RgpX/2Yc/s j6+ARDti7E=</latexit>
 0.0118
<latexit sha1_base64="+F h34/RgB/VJzX+1fsVIddkfPPA=">AAAB6HicbZDNSgMxFI Xv1L9a/6ou3QSL4MYyo4JdScGNywr2B9qhZNI7bWwmMyQZo Qx9B12JuvN5fAHfxrTOQlvP6ss9J3DPDRLBtXHdL6ewsrq 2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSK NAYDsY38z89iMqzWN5byYJ+hEdSh5yRo0dtc/cqut5tX65 YmEusgxeDhXI1eiXP3uDmKURSsME1brruYnxM6oMZwKnpV6 qMaFsTIfYtShphNrP5utOyUkYK2JGSObv39mMRlpPosBmI mpGetGbDf/zuqkJa37GZZIalMxGrBemgpiYzFqTAVfIjJhY oExxuyVhI6ooM/Y2JVvfWyy7DK3zqndRPb+7rNSv80MU4Q iO4RQ8uII63EIDmsBgDM/wBu/Og/PkvDivP9GCk/85hD9yP r4BBnGLqg==</latexit>
2.9705
<latexit sha1_base64="N4diKAHmrbNYSTaWGDjdrwUbS H0=">AAAB53icbVDLSgNBEOyNrxhfUY9eBoPgKexGJXqRgBePEcwDkiXMTnqTMbMPZmaFsOQb9CTqzf/xB/wbJ+seNLFO 1V3V0FVeLLjStv1lFVZW19Y3ipulre2d3b3y/kFbRYlk2GKRiGTXowoFD7GluRbYjSXSwBPY8SY3c73ziFLxKLzX0xjdg I5C7nNGtVm1a9Wrun0xKFfsqp2BLBMnJxXI0RyUP/vDiCUBhpoJqlTPsWPtplRqzgTOSv1EYUzZhI6wZ2hIA1Rumn07Iy d+JIkeI8nm396UBkpNA894AqrHalGbL//Teon2L92Uh3GiMWTGYjQ/EURHZB6aDLlEpsXUEMokN18SNqaSMm2qKZn4zmL YZWK6cs6qtbvzSuM6L6IIR3AMp+BAHRpwC01oAYMHeIY3eLe49WS9WK8/1oKV3xzCH1gf37Dci4A=</latexit>
2.9706
<latexit sha1_base64="3al1Mim6LyMxM45SipENyehIb hY=">AAAB53icbVDLSgNBEOyNrxhfUY9eBoPgKexGMXqRgBePEcwDkiXMTnqTMbMPZmaFsOQb9CTqzf/xB/wbJ+seNLFO 1V3V0FVeLLjStv1lFVZW19Y3ipulre2d3b3y/kFbRYlk2GKRiGTXowoFD7GluRbYjSXSwBPY8SY3c73ziFLxKLzX0xjdg I5C7nNGtVm1a9Wrun0xKFfsqp2BLBMnJxXI0RyUP/vDiCUBhpoJqlTPsWPtplRqzgTOSv1EYUzZhI6wZ2hIA1Rumn07Iy d+JIkeI8nm396UBkpNA894AqrHalGbL//Teon2L92Uh3GiMWTGYjQ/EURHZB6aDLlEpsXUEMokN18SNqaSMm2qKZn4zmL YZWK6cs6qtbvzSuM6L6IIR3AMp+BAHRpwC01oAYMHeIY3eLe49WS9WK8/1oKV3xzCH1gf37Jai4E=</latexit>
U˜
[ 1,+1, 1]
[⇡,⇡/2]
<latexit sha1_base64="+w/VWWq7eDumtVRmAC 6cVwqb6Kg=">AAACB3icbVDLSgMxFM3UV62vqks3wSoItnWmCrqSghuXFewDZsYhk962oZkHSUYow3 yA/oyuRN259wf8G9PahbYeuHDuPSeQc/yYM6lM88vILSwuLa/kVwtr6xubW8XtnZaMEkGhSSMeiY5P JHAWQlMxxaETCyCBz6HtD6/GevsehGRReKtGMbgB6YesxyhR+uQVDxzFeBfSZualthOzsp6TmpvdpX bFKh9b5YrlZl6xZFbNCfA8saakhKZoeMVPpxvRJIBQUU6ktC0zVm5KhGKUQ1ZwEgkxoUPSB1vTkAQg 3XSSJsOHvUhgNQA82X97UxJIOQp87QmIGshZbXz8T7MT1btwUxbGiYKQaovWegnHKsLjUnCXCaCKjz QhVDD9S0wHRBCqdHUFHd+aDTtPWrWqdVqt3ZyV6pfTIvJoD+2jI2Shc1RH16iBmoiiR/SM3tC78WA8 GS/G6481Z0zf7KI/MD6+AeQtl+c=</latexit>
l = 43
<latexit sha1_base64="CVtBfy2PwKG6VoPPni1noMEGx KU=">AAAB5XicbZDNTsJAFIVv8Q/xD3XpZiIxcUVaINGNCdGNS0wESaAh0+GWTpj+ZGZqQhoeQVdG3flCvoBv4xS7UPCs vrnnTHLP9RLBlbbtL6u0tr6xuVXeruzs7u0fVA+PeipOJcMui0Us+x5VKHiEXc21wH4ikYaewAdvepP7D48oFY+jez1L0 A3pJOI+Z1TnI3HVao6qNbtuL0RWwSmgBoU6o+rncByzNMRIM0GVGjh2ot2MSs2ZwHllmCpMKJvSCQ4MRjRE5WaLXefkzI 8l0QGSxft3NqOhUrPQM5mQ6kAte/nwP2+Qav/SzXiUpBojZiLG81NBdEzyymTMJTItZgYok9xsSVhAJWXaHKZi6jvLZVe h16g7zXrjrlVrXxeHKMMJnMI5OHABbbiFDnSBQQDP8Abv1sR6sl6s159oySr+HMMfWR/fMAeLSw==</latexit> !L/43
<latexit sha1_base64="Y+6f+PlETrHoVWvvosskTd10nZ4=">AAAB9HicbZC9TsMwFIUdfkv5S2FksaiQmErSVoKxgo WBoUj0R2qiyHFvW6t2EtlOURX1TWBCwMaT8AK8DW7JAC1n+nzPsXTvCRPOlHacL2ttfWNza7uwU9zd2z84tEtHbRWnkkKLxjyW3ZAo4CyClmaaQzeRQETIoROOb+Z+ZwJSsTh60NMEfEGGERswSrQZBXbJiwUMSZB5UuC72UW9Fthlp+IshFfBzaGM cjUD+9PrxzQVEGnKiVI910m0nxGpGeUwK3qpgoTQMRlCz2BEBCg/W6w+w2eDWGI9Arx4/85mRCg1FaHJCKJHatmbD//zeqkeXPkZi5JUQ0RNxHiDlGMd43kDuM8kUM2nBgiVzGyJ6YhIQrXpqWjOd5ePXYV2teLWKtX7erlxnRdRQCfoFJ0jF12iBr pFTdRCFD2iZ/SG3q2J9WS9WK8/0TUr/3OM/sj6+AYOh5Dn</latexit>
(a)
<latexit sh a1_base64="732KBuRiQ vFPjRDAwr1knmbbX1E=" >AAAB5HicbZDNTsJAFIVv 8Q/xD3XpZiIxwQ1p0USX JG50h1GEBBoyHW5hwnTa zExNSMMb6MqoO5/IF/BtH LALBc/qm3vOJPfcIBFcG 9f9cgorq2vrG8XN0tb2z u5eef/gQcepYthisYhVJ6 AaBZfYMtwI7CQKaRQIbA fjq5nffkSleSzvzSRBP6 JDyUPOqLGjuyo97Zcrbs2 diyyDl0MFcjX75c/eIGZ phNIwQbXuem5i/Iwqw5n AaamXakwoG9Mhdi1KGqH2 s/mqU3ISxoqYEZL5+3c2 o5HWkyiwmYiakV70ZsP/v G5qwks/4zJJDUpmI9YLU 0FMTGaNyYArZEZMLFCmu N2SsBFVlBl7l5Kt7y2WXY aHes07q9VvzyuNm/wQRT iCY6iCBxfQgGtoQgsYDO EZ3uDdCZ0n58V5/YkWnPz PIfyR8/ENf6yK6g==</l atexit>
X X X Y Y Y
XXXY YYXXX Y YY Y YY XXX Y YY XXX
(b)
<latexit s ha1_base64="yP5w2YTl 2wpzkXVzpfh7a47mVTU= ">AAAB5HicbZDNTsJAFI Vv8Q/xD3XpZiIxwQ1p0U SXJG50h1GEBBoyHW5hwn TazExNSMMb6MqoO5/IF/ BtHLALBc/qm3vOJPfcIB FcG9f9cgorq2vrG8XN0t b2zu5eef/gQcepYthisY hVJ6AaBZfYMtwI7CQKaR QIbAfjq5nffkSleSzvzS RBP6JDyUPOqLGju2pw2i 9X3Jo7F1kGL4cK5Gr2y5 +9QczSCKVhgmrd9dzE+B lVhjOB01Iv1ZhQNqZD7F qUNELtZ/NVp+QkjBUxIy Tz9+9sRiOtJ1FgMxE1I7 3ozYb/ed3UhJd+xmWSG pTMRqwXpoKYmMwakwFXy IyYWKBMcbslYSOqKDP2L iVb31ssuwwP9Zp3Vqvfn lcaN/khinAEx1AFDy6gA dfQhBYwGMIzvMG7EzpPz ovz+hMtOPmfQ/gj5+Mbg SuK6w==</latexit>
(d)
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FIG. 1. (a) Top-hat Ω leading to U˜ [+1,−1,+1][pi,0] and U˜
[−1,+1,−1]
[pi,pi/2] . (b) Pulse
structure of the sequence we repeat in our numerical simulations.
(c) f37,43(r) (dark and clear curves, respectively). Yellow square and
diamond marked the values of f43(r) we use in the next figure. (d)
Computed signal for instantaneous pi pulses (clear green curve) and
for finite-width pulses (curve over dark-green area). Blue square and
diamond mark the theoretically expected signal.
fl = (−1) l−12 4pil . However, at large Bz the assumption of in-
stantaneous pulses imply the transfer of a large amount of
power to the sample. More specifically, in the typical case
of top-hat pi pulses (i.e. pulses generated with H = Ω2 (e
−iϕ| ±
1〉〈0| + eiϕ|0〉〈±1|) where the Rabi frequency Ω is constant) it
is needed Ω  ωL to assure the instantaneous character of
the pi pulses (note that at Bz = 3 T [30] the Larmor frequency
is ωL ≈ (2pi) × 127 MHz). This is because the pi pulse time
is tpi = 2pi2Ω , then the condition
1
2Ω  1ωL must hold to certify
that Hamiltonian (9) does not induce any evolution in the sys-
tem during the pi pulse duration. A failure of this condition
is adverse for the NV nuclei coupling, since the fl coefficient
rapidly drops to zero. More specifically, one can calculate
that, for odd k, and top-hat pi pulses
fl(r) =
(−1) l+12 36 cos3 (pir)
pil(−9 + 36r2) , (12)
where r determines the relation of tpi with the nuclear Larmor
period 2pi
ωL
through tpi = 2pirωL , see [43]. Equation (12) predicts a
decay ∼ 1r2 , while in the limit r → 0 we recover the situation
with instantaneous pulses, i.e. fl = (−1) l−12 4pil . In addition, one
can find that fl = 0 for even l. Finally, we point out that the
issue of the decreasing fl was previously shown in SQM [39]
while here we observe it persists for DQM schemes.
In Fig. 1 (a) there is a scheme of the top-hat pulses lead-
ing to the three-pulse-sequences U˜[+1,−1,+1][pi,0] and U˜
[−1,+1,−1]
[pi,pi/2] . In
particular, dark-red pulses imply a pi pulse between |0〉 and
|1〉, while clear-grey between |0〉 and | − 1〉. Furthermore, an
X (Y) pulse corresponds to select ϕ = 0 (pi/2) in Eq. (2).
In Fig. 1 (b) we sketch the pulse sequence we will use in
our numerical simulations for our DQM schemes. In Fig. 1
(c) we show the value of fl(r) (for l = 37 and 43). We ob-
serve that f37,43(r) decreases with r, leading to weaker values
of the effective NV-nuclei coupling. This effect is confirmed
in Fig. 1 (d) where we simulate Eq. (6) and compute the sig-
nal 〈σ˜x〉 (with σ˜x = |1〉〈−1| + | − 1〉〈1|) for different values of
ωD. Here, we consider one NV and a single H nucleus such
that the hyperfine vector is ~A = (2pi) × [7.39, 29.90,−4.61]
kHz. Firstly, we simulate a situation with instantaneous pulses
(clear-green curve) in an interval of ωD that includes the res-
onance condition 43ωD = ωL. In this latter case (i.e. on reso-
nance) the NV-nucleus dynamics is governed by the Hamil-
tonian H = f432 S zA
xIx with f43 = − 443pi = −0.0296, see
Eq. (11). Note this is the value of f43 that corresponds to
instantaneous pi pulses, and it is marked in Fig. 1 (c) with a
yellow square. The clear-green curve appears after repeating
200 times the sequence in Fig. 1 (b), which implies the de-
livery of 4600 pi pulses on the |0〉 ↔ | ± 1〉 NV spin states
(final sequence time is ≈ 0.194 ms). The curve over the dark-
green area has been computed by applying finite-width top-hat
pi pulses such that tpi ≈ 7 ns. This implies pi pulses generated
with Ω ≈ (2pi) × 71 MHz. The associated f31 ≈ −0.0158
coefficient is marked in Fig. 1 (c) with a yellow diamond.
In Fig. 1 (d) we compare the numerically obtained signal
with the expected theoretical results according to the formula
〈σ˜x〉 = cos ( f432 Axt f ), see [43]. The blue square is the signal
associated to f43 = −0.0296 (instantaneous pulses) and blue
diamond to f43 = −0.0118 (finite-width pulses). It can be
observed a clear convergence between numerics and the the-
oretically expected signal, which confirms the presence of a
severe signal reduction with realistic finite-width pulses.
Demonstration of the method— To overcome this serious
problem that limits the applicability of DQM schemes at the
important regime of large Bz, we introduce a tailored Rabi fre-
quency Ω(t) to generate the three-pulse-sequences U˜[+1,−1,+1][pi,0]
and U˜[−1,+1,−1][pi,pi/2] . In this manner we will recover the value
fl = (−1) l−12 4pil corresponding to instantaneous pulses, with
realistic finite-width pi pulses that extends over several Lar-
mor periods. In addition, and as we show in the next figure,
these extended pi pulses can be generated with only moderate
MW power. At this point we want to comment that there are
different manners of designing Ω(t), while we select the one
described in the Supplemental Material [43].
In Fig. 2 we compare the signals (for a better compari-
son we plot 1 − 〈σ˜x〉) one can get by using SQM and DQM
schemes in a 5-H spin cluster at an average distance from
the NV sensor of ≈ 3.1 nm. The hyperfine vectors of the
nuclear cluster are ~A1 = (2pi) × [0.97, 3.18,−4.14], ~A2 =
(2pi) × [−2.09, 2.69, 0.44], ~A3 = (2pi) × [−1.84, 3.18,−0.13],
~A4 = (2pi) × [−2.25, 3.42,−0.69], and ~A5 = (2pi) ×
[−1.73, 3.00,−1.22] kHz. All signals in Fig. 2 have been com-
puted at a large Bz = 3 T. The solid-red curves in Fig. 2
correspond to signals obtained with SQM protocols that em-
ploy instantaneous pi pulses (i.e. non-realistic) ordered as
(XYXYYXYX)N for N = 360, 540. Note that for SQM, a sin-
gle pi pulse is enough to flip the σz operator in Eq. (8). Thin-
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FIG. 2. Solid-red curves (wide curves) corresponds to ideal SQM
schemes (i.e. these signals appear after the applying instantaneous
pi pulses). Thin-red lines are the signals appearing with DQM with
instantaneous pi pulses, while circles and squares have been obtained
with the modulated Ω(t) in the Inset 1. Inset 2, emergence of a
secondary peak. Note this does not occur in the case of our DQM
schemes with tailored Ω(t).
red-lines and overlapping circles and squares in Fig. 2 are the
obtained signals for DQM schemes. In particular, thin-red-
lines assume instantaneous pi pulses following the ordering in
Fig. 1 (b), while the overlapping circles and squares are ob-
tained with our method involving a tailored Ω(t) that is shown
in the Inset 1 (for the plot we repeated a number N = 360, 540
the ideal sequence made of instantaneous pulses, and the real-
istic sequence with finite-width pulses). We stress that, this
Ω(t) has been used to generate each pi pulse in the three-
pulse-sequences U˜[+1,−1,+1][pi,0] and U˜
[−1,+1,−1]
[pi,pi/2] . Furthermore, as
it can be clearly appreciated in Inset 1, the maximum value
for |Ω(t)| ≈ (2pi)× 40 MHz while the tpi ≈ 0.16 µs. Then, even
under the latter conditions of moderate MW power and long pi
pulses that extend over several Larmor periods (recall that, for
H nuclei at Bz = 3 T one Larmor period is ≈ 7.8 ns) we repro-
duce the signal corresponding to an ideal DQM scheme using
instantaneous pi pulses (i.e. with infinite MW power). In ad-
dition, the simulations leading to circles and squares in Fig. 2
have been performed by considering an error of 1% in the MW
field drivings, as well as as an energy shift of (2pi) × 20 kHz
on the NV spin transitions |0〉 ↔ | ± 1〉. In these condition we
observe no deviation with respect to the case of instantaneous
pi pulses with no errors (thin-red-lines).
Now we can better analyse the benefits of our method in
nanoscale NMR. Firstly, in Fig. 2, it gets clear that with DQM
schemes we obtain signals with a larger contrast than those
obtained with SQM protocols. Secondly, the effect of the in-
homogeneous broadening in SQM can be already appreciated
in Fig. 2 with the emergence of a secondary peak (marked
with a yellow arrow) in the case of N = 540. To better vi-
sualise it, in the Inset 2 we have plotted the SQM signals for
N = 540 (solid-red) and for N = 720 (clear-green). Here it
can be clearly seen the secondary peak that appears as a result
of the magnetic field gradient ( I2
∑
j
~A j ·~I j) introduced by SQM
protocols. It is important to remark that these unwanted res-
onances induce ambiguities in the physical interpretation of
the spectrum, since any secondary peak can be understood as
arising from, e.g., a chemical shift that deviates the resonance
frequencies of the nuclei in the sample. On the contrary, as
it is demonstrated in Fig. 2, our DQM schemes produce clear
peaks at the natural resonance frequency of the nuclei (i.e.
when 43ωD = ωL) which confirms that our method does not
contaminate the nuclear cluster with magnetic field gradients.
Finally, owing to the introduced design for Ω(t), our DQM
methods can operate in the regime of large Bz fields where
chemical shifts get enhanced [47].
Conclusions– We presented a method for DQM at large
static magnetic fields. This is a regime where important pa-
rameters, such as the chemical shift that encodes structural
information, get enhanced. Via the introduction of appropri-
ately tuned Ω(t) we get larger contrasts in the nanoscale NMR
signal. In addition, our method avoids spectral broadenings
induced by the magnetic field gradients that appear in com-
monly used SQM protocols. This is of special importance for
the measurements of natural frequency deviations in the nu-
clear spins of the sample. Our method is general, since it can
be adapted to any DD sequence while it is applicable in dif-
ferent quantum sensors.
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I. THREE-PULSE-SEQUENCES
Here, we show in detail the achievement of the modulation function of the S z operator involved in the three-pulse-sequences
U˜[+1,−1,+1][pi,0] and U˜
[−1,+1,−1]
[pi,pi/2] .
A. First three-pulse-sequence U˜ [+1,−1,+1][pi,0]
One can demonstrate that a 2φ pulse of the kind exp[±iφ(e−iϕ| ± 1〉〈0| + eiϕ|0〉〈±1|)] on the S = 1 manifold of the NV center is
U±1[±2φ,ϕ] = exp[±iφ(e−iϕ| ± 1〉〈0| + eiϕ|0〉〈±1|)]
= I + (cos φ − 1)(| ± 1〉〈±1| + |0〉〈0|) ± i sin φ(e−iϕ| ± 1〉〈0| + eiϕ|0〉〈±1|), (S1)
where I = |1〉〈1| + |0〉〈0| + | − 1〉〈−1|.
1. First pulse
In this manner, the application of a 2φ pulse over the X axis (i.e. ϕ = 0) and acting, e.g., on the
{
|1〉, |0〉
}
spin manifold
transforms the S z operator as
exp[+iφ(|1〉〈0| + |0〉〈1|)]S zexp[−iφ(|1〉〈0| + |0〉〈1|)] =
cos φ2|1〉〈1| + sin φ2|0〉〈0| − | − 1〉〈−1| − i cos φ sin φ(|1〉〈0| − |0〉〈1|). (S2)
2The basis of an S = 1 Hilbert space has a dimension d = 9. Then, by using a similar basis (note we restrict to only the
diagonal terms) for S = 1 than the one proposed one in [S1] we get
|1〉〈1| = 1
3
I +
1
2
S z +
1
6
G,
|0〉〈0| = 1
3
I − 1
3
G,
| − 1〉〈−1| = 1
3
I − 1
2
S z +
1
6
G, (S3)
where
I = |1〉〈1| + |0〉〈0| + | − 1〉〈−1|,
S z = |1〉〈1| − | − 1〉〈−1|,
G = |1〉〈1| − 2|0〉〈0| + | − 1〉〈−1|. (S4)
For a final φ = pi/2 (i.e. we applied the U+1[pi,0] operator, this is a pi pulse over the X axis in the
{
|1〉, |0〉
}
spin manifold) S z
transforms to |0〉〈0| − | − 1〉〈−1|, while during the application of the X pulse S z evolves as 12 (cos2 φ + 1).
Then, during this first pulse we have that S z transforms as
S z −→ 12(cos
2 φ + 1) S z − 12(sin
2 φ) G. (S5)
While for the final value of φ = pi/2 we find that S z has changed as S z −→ 12 S z − 12 G = |0〉〈0| − | − 1〉〈−1|.
2. Second pulse
The next step is to interchange the |0〉 and | − 1〉 spin components. This is achieved by applying the U−1,0±2φ,0 pulse operator for
a final value of φ = pi/2. More specifically, this is
U−1,02φ,0
(
|0〉〈0| − | − 1〉〈−1|
)
U−1,0−2φ,0 = (cos
2 φ − sin2 φ)
(
|0〉〈0| − | − 1〉〈−1|
)
− 2i sin φ cos φ
(
|0〉〈−1| − | − 1〉〈0|
)
. (S6)
Then, by using again the transformation in Eq. (S3) one can find
1
2
S z − 12 G = |0〉〈0| − | − 1〉〈−1| −→
1
2
(cos2 φ − sin2 φ)(S z −Gz). (S7)
Again, for the final value of φ = pi/2 the final state is 12 (Gz − S z) = −
(
|0〉〈0| − | − 1〉〈−1|
)
3. Third pulse
Finally, we apply a last pulse defined by U1,02φ,0. This is
U1,02φ,0
(
− |0〉〈0| + | − 1〉〈−1|
)
U1,0−2φ,0 =
− cos2 φ|0〉〈0| − sin2 φ|1〉〈1| + | − 1〉〈−1| + i cos φ sin φ(|0〉〈1| − |1〉〈0|). (S8)
This implies that, during this last pulse, the 12 (Gz − S z) = −
(
|0〉〈0| − | − 1〉〈−1|
)
operator changes as
1
2
(Gz − S z) = −
(
|0〉〈0| − | − 1〉〈−1|
)
−→ −1
2
[1 + sin2 φ]S z +
1
2
cos2 φ G (S9)
Summarising, the evolution of the S z operator during each step of the three-pulse-sequence U˜
[+1,−1,+1]
[pi,0] = U
+1
[pi,0]U
−1
[pi,0]U
+1
[pi,0] is
First pulse : 12 (cos
2 φ + 1) S z − 12 (sin2 φ) G
Second pulse : 12 (cos
2 φ − sin2 φ)(S z −Gz)
Third pulse : − 12 [1 + sin2 φ]S z + 12 cos2 φ G (S10)
3B. Second three-pulse-sequence U˜ [−1,+1,−1][pi,pi/2]
Here we will study the second three-pulse-sequence U˜[−1,+1,−1][pi,pi/2] that would complete one period of the S z operator.
1. First pulse
We apply the U−1[φ,pi/2] pulse to the −S z operator (note this is the operator we get after using the previously explained U˜[+1,−1,+1][pi,0]
on the initial S z) and find
exp[+iφ(e−i
pi
2 | − 1〉〈0| + ei pi2 |0〉〈−1|)](−S z)exp[−iφ(e−i pi2 | − 1〉〈0| + ei pi2 |0〉〈−1|)] =
cos φ2| − 1〉〈−1| + sin φ2|0〉〈0| − |1〉〈1| − i cos φ sin φ(e−i pi2 | − 1〉〈0| − ei pi2 |0〉〈−1|). (S11)
Then, we have that −S z changes as
− S z −→ −12(cos
2 φ + 1) S z − 12(sin
2 φ) G. (S12)
For the final value of φ = pi2 we have −S z −→ − 12 (S z + G) = −(|1〉〈1| − |0〉〈0|)
2. Second pulse
Now we apply the U+1[φ,pi/2] pulse and get
exp[+iφ(e−i
pi
2 |1〉〈0| + ei pi2 |0〉〈1|)] (|0〉〈0| − |1〉〈1|)) exp[−iφ(e−i pi2 |1〉〈0| + ei pi2 |0〉〈1|)] =
(cos φ2 − sin φ2)
(
|0〉〈0| − |1〉〈1|
)
− 2i cos φ sin φ
(
ei
pi
2 |0〉〈1| − e−i pi2 |1〉〈0|
)
. (S13)
Then, we have the following transformation
− 1
2
(S z + G) −→ −12(cos φ
2 − sin φ2)(S z + G), (S14)
while for the final value of φ = pi/2 we have − 12 (S z + G) = (|1〉〈1| − |0〉〈0|)
3. Third pulse
We finally use the U−1[φ,pi/2] pulse to complete the sequence. This leads to
exp[+iφ(e−i
pi
2 | − 1〉〈0| + ei pi2 |0〉〈−1|)](|1〉〈1| − |0〉〈0|)exp[−iφ(e−i pi2 | − 1〉〈0| + ei pi2 |0〉〈−1|)] =
− cos φ2|0〉〈0| − sin φ2| − 1〉〈−1| + |1〉〈1| − i cos φ sin φ(e−i pi2 | − 1〉〈0| − ei pi2 |0〉〈−1|). (S15)
Then, we have the transformation
− 1
2
(S z + G) = (|1〉〈1| − |0〉〈0|) = 12[1 + sin
2 φ]S z +
1
2
cos2 φ G. (S16)
Then, for a final value φ = pi/2 we recover the S z operator.
Summarising, the evolution of the −S z operator during the three-pulse-sequence U˜[−1,+1,−1][pi,pi/2] is
First pulse : − 12 (cos2 φ + 1) S z − 12 (sin2 φ) G
Second pulse : − 12 (cos2 φ − sin2 φ)(S z + Gz)
Third pulse : + 12 [1 + sin
2 φ]S z + 12 cos
2 φ G (S17)
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FIG. S1. Modulation function F(t) (solid-blue) appearing after the application of the sequence in Eq. (S18). For this plot, we have selected
the 43th harmonic as the target harmonic (see figure background in clear grey) since this is the one we use for the numerical simulations in the
main text. For the sake of simplicity we assume (t2 − t1) = (t3 − t2) = (t4 − t3) = (t6 − t5) = (t7 − t6) = (t8 − t7) = tpi. In addition, in this plot it
is marked the central point of each time interval where a pi pulse is displayed. This is, e.g., the firs top-hat pi pulse is displayed in the interval
(t2 − t1) being tm1 its center.
II. CALCULATING THE fl COEFFICIENT FOR TOP-HAT PULSES
After the application of the following sequence to the S z operator(
− − − U˜[−1,+1,−1][pi,pi/2] − − − − − − U˜[+1,−1,+1][pi,0] − − −
)
, (S18)
note that with the symbol “ − − −” we indicate the free evolution of the S z operator, one would get the modulation function
F(t) that appears in Fig. S1. Also, we want to remark that the sequence in Eq. (S18) appears when the top-hat pulses in Fig. 1
(a) of the main text is displayed.
Then, taking into account the expressions for F(t) calculated in the previous section and that we defined tpi = 2pirωL , one can
easily find that
f43 =
2
T
∫ T
0
F(s) cos (43ωDt)ds =
36 cos3 (pir)
pi43(−9 + 36r2) , (S19)
or, in general
fl =
2
T
∫ T
0
F(s) cos (lωDt)ds =
(−1) l+12 36 cos3 (pir)
pil(−9 + 36r2) . (S20)
III. THEORETICALLY EXPECTED SIGNAL
For the resonant Hamiltonian H = f432 S zA
xIx proposed in the main text, one can easily calculate that, for an initial state NV-
nucleus state ρ0 = 12 (|1〉 + | − 1〉)(〈1| + 〈−1|) ⊗ 12 I (i.e. the initial NV state is the superposition 1√2 (|1〉 + | − 1〉), and the nucleus in
a thermal state that we approximate to 12 I2×2) the theoretically expected signal is
〈σ˜x〉 = Tr
(
e−i
f43
2 S zA
xIxtρ0ei
f43
2 S zA
xIxtσ˜x
)
= cos
( f43
2
Axt
)
. (S21)
IV. FINDING APPROPRIATE Ω(t) FUNCTIONS
The shape of the F(t) function that appears after the application of top-hat pulses can be seen in Fig. S1 and, as we have
demonstrated in Sec. II, it leads to a decreasing value for the fl coefficients.
As we are introducing three pi pulses per flip of the S z operator, i.e. we need three pi pulses to generate the propagators
U˜[+1,−1,+1][pi,0] and U˜
[−1,+1,−1]
[pi,pi/2] we can always write a fl coefficient as (see Fig. S1)
5fl =
2
T
[ ∫ t1
0
cos (lωDs)ds +
∫ t2
t1
F(s) cos (lωDs)ds +
∫ t3
t2
F(s) cos (lωDs)ds +
∫ t4
t3
F(s) cos (lωDs)ds
−
∫ t5
t4
cos (lωDs)ds +
∫ t6
t5
F(s) cos (lωDs)ds +
∫ t7
t6
F(s) cos (lωDs)ds +
∫ t8
t7
F(s) cos (lωDs)ds
+
∫ T
t8
cos (lωDs)ds
]
. (S22)
Then, if we find a F(t) function such that it cancels the integral during the pi pulses, the above equation reduces to
fl =
2
T
[ ∫ t1
0
cos (lωDs)ds −
∫ t5
t4
cos (lωDs)ds +
∫ T
t8
cos (lωDs)ds
]
. (S23)
Now, as it is standard in dynamical decoupling techniques we select (t1 − 0) = 12 (t5 − t4) = (T − t8). In addition, we assume that
each pi pulse has the same duration, this is (t2 − t1) = (t3 − t2) = (t4 − t3) = (t6 − t5) = (t7 − t6) = (t8 − t7) = tpi, then it can be
calculated that Eq. (S23) reads
fl =
4
pil
cos
(
pi
3tpi
T/l
)
sin (pil/2), (S24)
which takes the maximum value | fl| = 4pil (this is the value we target for our numerical simulations in the main text) when each
modulated pi pulse takes an extension determined by
tpi =
n
3
T/l, (S25)
with n being a natural number.
Now, we have to find a form for F(t) such that it eliminates the integrals involving pi pulses in Eq. (S22). Our solution
correspond to introduce a F(t) with two components. The first component is the shape that F(t) acquires in case of applying
only top-hat pi pulses, the second one is an oscillating function such that it cancels the area of the first component.
In particular, for the first pi pulse we propose that F(t) takes the following form
F(t) =
1
2
[
cos2
(
pi(t − t1)
tpi
)
+ 1
]
− α1 cos
(2pik
T
t
)
exp[−(t − tm1 )2/(2σ21)], (S26)
with t ∈ [t2, t1], tm1 the central point of the interval [t2, t1] and σ1 the width (that one can freely adjust) of the Gaussian function
in the second component of Eq. (S26). Note that, as we have explained, the first component of Eq. (S26) is 12
[
cos2
(
pi(t−t1)
tpi
)
+ 1
]
,
which is the aspect of F(t) during a top-hat pi pulse, see Eq (S5).
Then the only missing parameter is the constant α1 that we will use to cancel the integral
∫ t2
t1
F(s) cos (lωDs) ds, see Eq. (S22).
In this manner, the value of α1 is
α1 = −
∫ t2
t1
1
2
[
cos2
(
pi(s−t1)
tpi
)
+ 1
]
cos (lωDs) ds∫ t2
t1
cos
(
2pik
T t
)
exp[−(t − tm1 )2/(2σ21)] cos (lωDs) ds
(S27)
Finally, once all parameters are selected we can find the value of the Rabi frequency that generates the F(t) in Eq. (S26) as
Ω(t) =
∂
∂t
arccos[F(t)]. (S28)
The previous equation can be understand by noting that the effect of the first driving H = Ω(t)2 (e
−iϕ| + 1〉〈0| + eiϕ|0〉〈+1|) that acts
over the |0〉 ↔ | + 1〉 NV spin transition, is
S z −→ 12
(
cos2
∫ t
t1
Ω(s)
2
ds + 1
)
S z − 12(sin
2 φ) G. (S29)
Then, one only has to invert the equation
F(t) =
1
2
(
cos2
∫ t
t1
Ω(s)
2
ds + 1
)
, (S30)
6to find Ω(t). If we do that, we get the modulated Ω(t) that appears in Fig. 2 of the main text.
The same strategy has to be applied to eliminate the integrals of all pi pulses in Eq. (S23). Note that for each case (i.e. for
each pi pulse leading to the three-pulse-sequences) the first component of F(t) has a different aspect, but fortunately we have
calculated all of them in Sec. I of this Supplemental Material.
[S1] P. Allard and T. Ha¨rd, Journal of Magnetic Resonance 153, 15 (2001).
